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Abstract

A key uncertainty in the obesity-mortality association continues to be how this association changes
over the life course. Prior studies tend to rely on cross-sectional design with static weight status
taken at the time of the survey. This study tracks a cohort of individuals and employs lifelong body
mass index information from the Framingham Heart Study original cohort (1948 to 2010). We
focus on respondents who were younger than age 45 at time of their first survey (n=2,176) and
evaluate how the mortality risk associated with obesity changes over three age groups (below 45,
45-59, and 60 and above) and how population compositions may contribute to this pattern. We
find the hazard ratio associated with obesity compared to normal weight decreases over three age
groups, but this pattern is influenced by different ages of onset of obesity, inconsistency in the
reference group (normal weight) over ages, and mortality selection effects. These factors explain
away the decreasing effect of obesity (with onset before age 45) on mortality up to age 60; after
age 60, the detrimental effect still declines, but to a much less degree. Later onset of obesity,
however, is not significantly associated with excess mortality risks after age 60.
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As one of the most urgent epidemics in many societies, obesity has emerged as a key risk
factor for many illnesses and morbidities and may even threaten the long-term secular
increase in human life expectancy (Solomon and Manson 1997; Olshansky et al. 2005;
Stewart, Cutler, and Rosen 2009). The extent of this threat, however, is still being debated
(Olshansky et al. 2005; Stewart, Cutler, and Rosen 2009; Flegal et al. 2005; Allison et al.
1999; Mokdad et al. 2004; Stokes and Preston 2016a). Earlier estimates of the percentage of
total deaths due to obesity vary widely, from 5% to 13% (Flegal et al. 2005; Allison et al.
1999; Mokdad et al. 2004; Mokdad 2005). While the obesity-mortality association has been
extensively studied, a key uncertainty continues to be how this association changes over the
life course (Calle et al. 1999; Fontaine et al. 2003; Freedman et al. 2006; Lantz et al. 2010;
Reynolds, Saito, and Crimmins 2005; Zheng and Dirlam 2016).
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Weight control guidelines and intervention targets require an accurate characterization of the
obesity-mortality association in late life. Therefore, resolving the uncertainty over the age
patterning of the obesity-mortality relationship is critical to designing clinical and public
health strategies to manage an aging population in the wake of the obesity epidemic.
Moreover, as most deaths in the United States occur at older ages, the age dependency of the
obesity-mortality association has important ramifications for estimates of the number of total
deaths attributable to obesity. If obesity’s effect grows stronger by age, then prominent
estimates of the number of obesity-attributable deaths may be seriously underestimated.
However, if the actual relationship is a diminishing one, then obesity’s national-level impact
may be more modest. Similarly, projections of obesity’s effect on the future path of U.S. life
expectancy will be highly sensitive to the age dependency of the obesity-mortality
association. Thus, a clarification of the age dependency of the obesity-mortality association
will shed critical light on the damage that obesity is having on population health in the
United States and other nations grappling with the obesity epidemic.

Many studies in this topic conclude that the deleterious effect of obesity on mortality
weakens with age (e.g., Fontaine et al. 2003; Freedman et al. 2006; Zheng and Yang 2012;
Bender et al. 1999; Stevens et al. 1998), with some studies finding no harmful effect (e.g.,
Reynolds, Saito, and Crimmins 2005; Kuk and Ardern 2009) or even a protective effect of
obesity among older adults (Lantz et al. 2010; Stallard 2011; Kim et al. 2012; Uretsky et al.
2007; McAuley et al. 2010). In contrast, some research suggests that obesity may be more
harmful for older adults than younger adults (Masters et al. 2013).

The age-dependent nature of the obesity-mortality association, however, may be plagued by
biasing factors, e.g., healthy participant effect, mortality selection, and reverse causality. The
healthy participant effect refers to the fact that survey respondents have to be healthy enough
to participate in the survey. Among older adults, obese individuals may be more likely to be
institutionalized due to poor health, which may cause survey data to include substantially
higher proportions of healthy older adults in the obese group, as compared to the non-obese
group (Masters et al. 2013). Mortality selection refers to the process that eliminates
individuals who are frailer or have severe diseases earlier in the life course, and leaves those
who are more robust to survive to old age. This selection process may operate more strongly
among obese adults than among non-obese adults, as obese adults may be at greater risk of
premature death from obesity-related diseases (Zheng and Dirlam 2016). Reverse causality
refers to the possibility that illness-induced weight loss can cause normal weight group to be
more heterogeneous and less healthy in older ages, which may include individuals who were
previously overweight or obese but lose weight due to diseases (Stokes and Preston 2016b).
All three processes can reduce the observed hazard ratios of mortality associated with
obesity across the life-course. But the contributions of healthy participant effect and
mortality selection effect have been disputed by several studies (Zheng and Dirlam 2016;
Wang and Liu 2014; Wang 2014; Hanley 2017; N. K. Mehta and Stokes 2013).

If the selection effects mentioned above are minimal, other possible explanations for the
reduced harmful effects of obesity must be explored. One plausible explanation, which we
will test, is that of the role of obesity duration. A recent, but growing body of literature
indicates that the accumulation of time spent obese contributes to morbidity and mortality
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risk beyond weight status at a single point in time (e.g., Abdullah et al. 2011a; Abdullah et
al. 2011b; Everhart et al. 1992; Greenberg 2006; Greenberg, Fontaine, and Allison 2007,
Lee et al. 2012; Mehta et al. 2014; Zhang and Pincus 2016; Zheng, Tumin, and Qian 2013).
People who become obese at earlier ages are at significantly higher risk of death compared
to those who become obese at older ages because they tend to remain so for most of their life
course (Adams et al. 2014). Therefore, the accumulation of time in the obese category
among people who were obese in early adulthood could increase their mortality risk above
that of people who became obese in later adulthood. Moreover, people who are obese at
older ages are a heterogeneous group, some of whom may have been overweight or normal
weight at younger ages. The heterogeneity in population composition with regard to duration
of obesity for different age groups may contribute to the age pattern of the obesity-mortality
association.

Most prior studies that have documented changes in the association of obesity with mortality
over age have relied on cross-sectional survey data with a single measure of weight status
taken at the time of the survey. Such a research design is insufficient to understand the role
of selection processes in shaping the age dependency of the obesity-mortality association. A
more appropriate design would be to track a cohort of individuals and study how selection
patterns evolve over the life course. In this study, we employ relatively complete cohort data
from the Framingham Heart Study (FHS) original cohort, which collected health and body
mass index (BMI) information across all of its 30 waves (Framingham Heart Study 2017),
and examine how these selection or population composition patterns may change over the
life course and how they may or may not contribute to the weakening obesity-mortality link
over ages.

Materials and Methods

Data and participants

The data used in this study derive from the original cohort of FHS. The original cohort
consisted of 5,079 men and women, 2874 years of age at the onset of the study. Participants
were examined every 2-3 years from 1948 to 2010. The study period consisted of 30 exams.
We focus on respondents who were younger than age 45 at time of their first survey
(n=2,722, 53%). After removing individuals with missing data on the time constant variables
(gender, educational attainment) or without valid data on time varying variables (height,
weight, age, smoking behavior, and disease), we obtained a final sample size of 2,176. FHS
collected information on deaths through newspapers, personal physician communications, or
coroner reports. As of 2011, 1,913 individuals in our analytic sample died, and 263 survived
or were censored. FHS supplied the days since exam 1 as the date of death, allowing us to
compute the time spent at risk in a very detailed manner. For the 1,913 respondents that have
died, exposure to mortality risk was calculated as the duration from age at first survey until
the date of death (in years). For the 263 surviving respondents, we computed exposure to
mortality risk as the duration from age at first survey until date of last contact or the last
exam these individuals participated in. We reshaped the data to a person-year format, which
was left truncated at age at first survey and right-censored at the age of death, age of last
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contact, or age at last exam. The reshaped data were sorted by age of exam. After reshaping
the data, the total number of observations was 27,048.

Predictors of Mortality

Height and weight information was collected through clinical assessment at each survey
wave. BMI is defined as the ratio of weight in pounds to the square of height in inches
multiplied by 703. We calculated the average BMI for each individual by three age groups:
Less than age 45, 45-59, and 60 and above. We created four measures of BMI categories.
The first measure consists of five categories: underweight (BMI of less than 18.5), normal
weight (BMI between 18.5 and 24.9), overweight (BMI between 25 and 29.9), class |
obesity (BMI between 30 and 34.9), and class 11/111 obesity (BMI greater than or equal to
35). We combined class | obesity and class 11/111 obesity into a single category and called it
obese in the second BMI variable.

The third BMI variable captures the age of the onset and duration of obesity. Among obese
individuals within each age group, we differentiated whether the onset of obesity occurred
before age 45, between age 45 and 59, or at age 60 and above. Built on the third BMI
variable, the fourth BMI variable further distinguishes stable normal weight from unstable
normal weight. Stable normal weight refers to individuals who remained as normal weight in
the current and previous age groups. In contrast, unstable normal weight refers to individuals
who were normal weight in the current age group but were not normal weight in the
previous age groups. By differentiating stable from unstable normal weight and using stable
normal weight as the reference group, we use a group of individuals who likely have not
suffered from disease-induced weight loss thereby accounting as best as possible for this
biasing effect.

Sociodemographic and behavioral factors—Birth cohorts are controlled in the
analysis because prior studies have reported substantial cohort-based pattern in obesity
(Reither, Hauser, and Yang 2009; Yu 2018), obesity-related mortality (Yu 2012), and
mortality of all causes (Yang 2008; Zheng, Yang, and Land 2016). They are treated as a
continuous variable. Educational attainment consists of four categories: less than high
school, high school graduate, some college, and college graduate. Smoking status includes
four categories: non-smoker, low smoking (1-9 cigarettes), moderate smoking (10-19
cigarettes), and heavy smoking (20 or more cigarettes). Smoking is a time varying variable.

Health and medical history—In each exam, respondents were asked if they took any
medication to treat a health condition and if they were diagnosed with or had any disease.
They were also examined by teams of doctors and nurses in order to obtain information
about their overall health status. We created a dummy variable that measures whether the
participant was diagnosed or reported to have degenerative arthritis, gouty arthritis,
rheumatoid arthritis, asthma or wheezing, prostate trouble, prostate disease, heart disease,
hypertension, rheumatic heart disease, hypertensive cardiovascular disease, arrhythmia,
aortic disease, mitral valve disease, vascular brain disease, pulmonary disease, gallbladder
disease, urinary tract disease, renal disease, neurological disease, or thyroid disease. We also
coded the dummy variable as 1 if the participant took medication to treat cardiovascular/
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heart diseases, arthritis, thyroid disease, or diabetes or thyroid trouble. We did not create a
summary index of diseases because the number of diseases examined changed across exams.

Statistical analysis

Results

We fitted Cox hazard models adjusted for sociodemographic, smoking behavior, health and
medical history to calculate the relative mortality risk associated with BMI categories by
three age intervals, <45, 45-59, and 60 and above, separately. We used attained age as the
time metric. Smoking behavior, health and medical history variables were assessed multiple
times in the duration of the Framingham Heart study. A Cox-model with time-dependent
covariates as it is the case in our models compares the risk of an event at each time.
Considering time-varying disease characteristics as both potential confounders and
mediators, we proceed by fitting models both with and without adjustment for these factors.

Table 1 shows the descriptive statistics of the sample across three age intervals. Since
individuals could die or drop out from the study at any point after age 45, the sample size for
older age groups is smaller. Overall, the composition of each sample is fairly similar,
indicating that the dropout of individuals due to death or missing to follow-up does not
produce dramatic changes in sample characteristics. But the proportion compositions of
BMI categories do change across three age groups as shown in Table 2. The percentages of
individuals in class | obesity or class I1/111 obesity increase from 8.73% and 1.56%, to
10.94% and 2.63%, to 15.05% and 3.66% across three age groups, respectively. The
percentage of individuals who are normal weight decreases from 52.8% to 38.13% across
age groups. These numbers imply that the changes in weight status over the life course at the
individual level have altered the compositions within each BMI category across the three age
groups at the aggregate level.

Table 3 more clearly demonstrates this message. All the BMI groups gradually become more
heterogeneous across ages. For example, among class 11/111 obese group in age 45-59, 54%
of them were in the lower BMI category before age 45. This number increases to 79% for
class /111 obese group in age 60 and above, among whom 51% were class | obese, 24%
were overweight, and 4% were normal weight before age 45. For class | obese group in age
45-59, 43% and 2% were overweight and normal weight before age 45. These numbers
increase to 57% and 11% for class | obese group in age 60 and above. The delayed onset of
obesity at the individual level has made the obese group in later ages increasingly come from
individuals who were normal- or over-weight in the early adulthood. If later onset of obesity
is associated with lower mortality rate compared to earlier onset of obesity, this changing
composition of obese groups then can lead to weakening link between obesity and mortality
over ages.

Moreover, normal weight in later ages increasingly comes from individuals who were in
higher weight status in early adulthood. About 6% of them in age 45-59 were overweight
before age 45, and 13% of them in age 60 and above were overweight or obese before age
45. If weight loss is associated with higher mortality risk, the changing composition of
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normal weight group can also lead to the weakening link between obesity and mortality over
ages. We test these two hypotheses in the next two tables.

Table 4 shows the age pattern of BMI-mortality link before and after accounting for different
ages of onset of obesity. The top three sets of models test how the association between five
categories of BMI (BMI variable 1) and mortality changes across the three age groups. The
hazard ratios associated with class | obesity and class I1/111 obesity have declined from 1.56
(P<.001) and 2.31 (P<.001) in age group under 45 years to 0.99 and 1.60 (P<.001) in age
group above 60 years. The middle three sets of models combine class | obesity and class
[1/111 obesity into one obese group (BMI variable 2). The hazard ratios associated with
obesity have declined from 1.64 (P<.001) in age group under 45 years to 1.53 (P<.001) and
1.07 in the two older age groups. These hazard ratios associated with obesity are the basis of
comparison to check how population compositional changes may alter them.

The bottom three sets of models distinguish the age of onset of obesity (BMI variable 3).
Three important findings can be drawn from these models: (1) later onset of obesity is
associated with lower mortality risk compared to earlier onset of obesity. For example,
among individuals in age group 45-59, those with onset of obesity during this age group
face 43% increase in mortality risk, while those with onset of obesity in the preceding age
group face 60% increase in mortality risk; (2) changing composition of obese group explains
the weakening obesity-mortality link over ages to some extent. After accounting for different
ages of onset of obesity, the hazard associated with obesity declines to a less degree over
ages. The hazard ratio associated with obesity with onset before 45 has declined from 1.64
(P<.001), to 1.59 (P<.001), to 1.36 (P<.01) over the three age groups compared to the whole
obese group whose hazard ratio declines from 1.64 (P<.001), to 1.53 (P<.001), to 1.07. In
other words, without accounting for different ages of onset of obesity, we can overestimate
the degree of reduction in obesity related mortality risk over ages; and (3) later onset of
obesity (onset after age 45) is not significantly associated with excess mortality risk after age
60.

Table 5 investigates whether changing composition of reference group (normal weight) may
play a role in the weakening obesity-mortality link over ages. We distinguish stable normal
weight from unstable normal weight (BMI variable 4) and use stable normal weight as the
reference group throughout all the age groups. We find the obesity-mortality link declines to
an even less extent over the ages. The hazard ratio associated with obesity with onset before
45 declines from 1.64 (P<.001), to 1.61 (P<.001), to 1.42 (P<.01) over the three age groups.
Therefore, the illness induced reverse causality also makes some contribution to the
weakening obesity-mortality link over ages, but the contribution is less than different ages of
onset of obesity. After accounting for changing composition of reference group, later onset
of obesity (onset after age 45) is still not significantly associated with excess mortality risk
after age 60.

Now turn to healthy participant effect. Sample size decreases by 46 from 2,176 to 2,130
from the youngest age group to the middle group as shown in Table 5, which includes 42
(1,913-1,871) deaths occurring in the youngest age group. In other words, only 4 individuals
dropped across these two age groups due to reasons other than death. Sample size decreases
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by 163 from 2,130 to 1,967 from the middle age group to the oldest group, which includes
148 (1,871-1,723) deaths occurring in the middle age group. In other words, only 15
individuals dropped across these two age groups due to reasons other than death. The
reasons for this dropout are not clear, some of which might be related to healthy participant
effect. But overall, the salience of this effect is inconsequential due to the very small amount
of dropout.

Table 6 constrains the sample to those who survived to age 60, so that mortality selection
effect is removed in the analyses. After removing mortality selection effect and accounting
for changing composition of obese and reference group (BMI variable 4 in the bottom three
sets of models), hazard ratio associated with onset of obesity before age 45 increases from
1.63 (P<.001) to 1.65 (P<.001) across the first two age groups, but then declines to 1.42
(P<.001) in the oldest age group (compared to 1.07 without correcting for these population
compositional changes). In other words, these three factors explain away the decreasing
hazard associated with obesity (with onset before age 45) up to age 60; after age 60, the
hazard still declines, but to a much less degree after accounting for these three factors.
However, later onset of obesity (onset after age 45) is still not significantly associated with
excess mortality risk after age 60. Since mortality selection effect still exists in the oldest
age group, we further split it into two age groups (60-64, 65+) (see Appendix 1 and 2). We
find (1) hazard ratio associated with obesity with onset before age 45 still declines after age
60; and (2) obesity with onset after age 45 is still not significantly associated with excess
mortality risk after age 60.

Discussion

A key uncertainty in estimate of the extent of threat of obesity on human life expectancy is
how the obesity-mortality association changes over the life course. Improving upon prior
studies that rely on cross-sectional design with static weight status taken at the time of the
survey, this study takes advantage of lifelong body mass index information from the almost
extinct original cohort of FHS and evaluates the mortality risk associated with obesity over
three age periods (below 45, 45-59, and 60 and above). Using these longitudinal cohort data,
we are able to track the changes in weight status, detect the onset and duration of obesity,
and examine their mortality consequences. Our analyses reveal the complexity in the
obesity-mortality link over the life course.

We find the excess mortality risk of obesity compared to normal weight as measured by
hazard ratios decreases over three age groups, but this pattern is influenced by three
population compositional changes. First, it is influenced by the different ages of onset of
obesity. Obese group in later ages is composed of individuals with early and later onset of
obesity. For obese group (including class | and I1/111 obese) in age 60 and above, 51% and
10% were overweight and normal weight before age 45. Since later onset of obesity is
associated with lower mortality risk compared to earlier onset of obesity (Adams et al.
2014), inflow into obesity as a cohort ages can reduce the aggregate observed effect of
obesity on mortality over ages.
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Second, the putative decline in the hazard ratio associated with obesity over age is
influenced by inconsistency in the reference group (normal weight) over ages. Some normal
weight individuals in later ages may be in higher weight categories in earlier life (Stokes and
Preston 2016b). For example, about 13% of normal weight group in age 60 and above were
overweight or obese before age 45. llIness-induced weight loss can reduce the estimate of
the detrimental impact of obesity on mortality compared to normal weight over ages because
normal weight group in later ages increasingly includes individuals who were previously
overweight or obese but lose weight. Third, it is influenced by more pronounced selective
survival among obese group compared to normal weight group. Due to higher mortality rate
in earlier ages, a relatively larger proportion of weak obese individuals die in early
adulthood and leaves robust individuals surviving to older ages that then reduces hazard ratio
associated with obesity in later ages.

The joint impacts of changing population compositions of obese and normal weight groups
and mortality selection mechanism over the life course explain away the decreasing impact
of obesity (with onset before age 45) on mortality up to age 60; after age 60, the detrimental
effect of obesity on survival still declines, but to a much less degree after accounting for
these factors. We do not find sufficient evidence for healthy participant effect, which
supports some prior studies that dispute the contribution of healthy participant effect in the
age — dependence of the obesity-mortality association (Zheng and Dirlam 2016; Wang 2014;
Wang and Liu 2014; Hanley 2017; Mehta and Stokes 2013).

But there exists another layer of complexity that is mortality hazard associated with obesity
still declines after age 60. This pattern applies to obesity with different timings of onset. For
obesity with onset before age 45, as explained above, its impact on mortality decreases after
age 60, but to a much less degree after accounting for the three population compositional
changes mentioned above. For obesity with onset after age 45, it is not significantly
associated with excess mortality risk after age 60. Therefore, even though population
compositional changes substantially explain the reduction in mortality risk in mid and late
life associated with early onset of obesity, they do not change the fact that obesity related
mortality risk decreases in older populations.

It is beyond the scope of this paper to further investigate other mechanisms besides
population compositional changes that may lead to the weakening impact of obesity on
mortality in old ages. But some prior studies have proposed several possible explanations.
First, the hazard ratios of death for many behavioral factors and bio-indicators including
obesity likely diminish with increasing age perhaps due to the fact that multiple body
systems are failing and the excess risks of any single risk factor (even if it affects more than
one body system) will likely fall due to the competing risks (Zheng and Dirlam 2016).
Second, although obesity is associated with the onset of many chronic diseases that increase
the mortality hazard in old age, being obese may actually improve survival after the onset of
certain diseases (e.g., acute ischemic stroke, coronary artery disease). This is because extra
body weight, including both fat mass and lean tissue mass, may serve as a nutrition and
metabolic reservoir to overcome catabolic stress and muscle wasting associated with chronic
illness (Curtis et al. 2005; Kim et al. 2012; Uretsky et al. 2007; Fonarow et al. 2007). These
nutritional reserves may also shield obese elderly people from weight loss, as people tend to
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eat less when they get older, regardless of health status (Chapman 2010). The third possible
reason is that obese patients seek or receive treatment at an earlier stage of many diseases.
Obese people have a readily identifiable phenotype that is believed to reflect a number of
diseases, and therefore may be subjected to earlier and more regular monitoring compared to
normal weight patients (Uretsky et al. 2007).

Several caveats merit emphasizing. First, diseases may be on the causal pathways linking
obesity with mortality. In the main text, diseases index is controlled to further mitigate the
bias caused by illness-induced weight loss. We replicate the analysis without controlling for
disease index as shown in Appendix 3 and 4. Even though the size of the hazard ratio
changes slightly, the overall conclusion is not substantially altered by excluding disease
index in the model. Second, there may be other potential confounders that cannot be
controlled for, so that the hazard ratios associated with obesity may be overestimated. But
this bias may not vary significantly across ages. Hence, our analysis that focuses on change
over age may be robust to unobserved confounding and other biasing factors. Third, it
deserves clarification that while the associations are of smaller magnitude in age 60 and
above on the relative scale, they may be greater on the absolute scale (Zheng and Dirlam
2016). Because mortality is so much greater in older people than younger people, the excess
deaths associated with obesity as measured on the absolute scale is greater in older,
compared to younger, individuals even though the hazard ratio declines by age (Mehta,
Zheng, and Myrskyla 2019). Mehta et al. (2019) find that the excess deaths associated with
obesity increase until about age 60 years after which it plateaus and then declines after ages
70-9 years. Therefore, even on the absolute scale, the excess deaths risks associated with
obesity decline in older ages.

Fourth, our sample is rather homogeneous (i.e., in the one town and mostly Whites). The
advantage of the homogeneity of the samples is that it allows us to better mitigate
confounding factors that may be influencing the obesity-mortality association over ages. If
we did the same thing with national samples, then we would have to give more consideration
about the changing composition of the national population over time. The disadvantage
concerns the representativeness of our sample and application of the findings to other racial
groups. Blacks and Hispanics report substantially higher rates of obesity at all ages than
Whites (Flegal et al. 2002; Wang and Beydoun 2007; Krueger and Reither 2015) and
experience differential mortality consequences of obesity (Fontaine et al. 2003; Reynolds et
al. 2005; Zheng and Yang 2012). Therefore, the life course patterns of obesity-mortality
association and the mechanisms shaping these patterns may be potentially different for
Blacks and Hispanics than for Whites. But FHS is the only U.S. data that have a long
prospective follow-up on BMI and mortality. Therefore, replicating the analyses for other
racial groups is not feasible at this point. Nonetheless, we did a preliminary analysis on
whether the degree of changing association between obesity and mortality over ages may be
different by racial groups using National Health and Nutrition Examination Surveys 1988—
2010 with linked mortality files up to 2011. Although this analysis does not reveal the
underlying mechanisms shaping the life-course pattern, it shows that Whites, Blacks, and
Hispanics have different magnitudes of changing obesity-mortality association over ages.
This association declines at a larger degree among Whites than Blacks and Hispanics, but
this racial difference is not statistically significant (see Appendix 5).
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Notwithstanding these limitations, this study reveals the complexity in the life course pattern
of obesity-mortality relationship, which is not uncovered in exist literature. The decreasing
hazard ratio associated with obesity is partially a result of changing population
compositions, up to age 60. After correcting for these population compositional changes,
hazard ratio associated with obesity (with onset before age 45) still declines after age 60, but
to a much less degree. However, obesity with onset after age 45 is not significantly
associated with excess mortality risks after age 60 even after accounting for the population
compositional changes. These findings have very important clinical practice and public
health implications. From the life course perspective, people who are obese in early
adulthood tend to stay obese throughout the life course and early onset of obesity has a
greater detrimental impact on survival than later onset of obesity. From this perspective,
public health intervention should be placed in early ages. But at the population level, there
are many more obese individuals at older, compared to younger, ages. Given that the hazard
ratio associated with early onset of obesity increases up to age 60 and decreases to a much
less degree after age 60 once the bias due to the population compositional changes is
controlled, substantial attention should still be paid to those with early onset of obesity in
their older ages. For people with later onset of obesity, even though they do not face excess
mortality risks after age 60 compared to normal weight, obesity may still cause them to be at
risk of excess diseases and morbidities.
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Model adjusted for gender, educational attainment, smoking behavior, disease index, and birth cohorts

b .
Number of observations

Number of deaths

a
[
a
e.
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Number of individuals
This category does not exist for age group before age 45 because FHS does not ask respondents about previous height and weight information before exam 1

Appendix
Appendix 3:

Total Mortality Risk in Relation to Body Mass Index across Three Age Groups without
Controlling for Disease Index, FHS, 1948-2011

Less than 452 (Obs.’=27,048) 45-592 (Obs."=27,000) 60 and above? (Obs.”=26,062)
p¢ ¢ HR SE p¢ @ HR SE ¢  nd HR SE
Total 1913 2176 1871 2,130 1723 1,967
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Less than 452 (Obs.”=27,048)

45592 (Obs."=27,000)

60 and above® (Obs.’=26,062)

DC

Nd

HR

SE

DC

Nd

HR

SE

DC

Nd

HR

SE

BMI
variable 2

Underweight

Normal
weight

Overweight
Obese

34

993

680

206

36

1149

767

224

(1.19)

(1.05)

(1.08)

23

832

758

258

24

953

864

289

1.07

1.00

1.06

kA

(1.24)

(1.05)

(1.08)

21

653

736

313

21

750

828

368

(1.25)

(1.06)

(1.07)

BMI
variable 3

Underweight

Normal
weight

Overweight

Obese
(Onset of
obesity
before age
45)

Obese
(Onset of
obesity
during ages
45-59)

Obese
(Onset of
obesity after
age 59)

34

993

680

206

36

1149

767

224

(1.19)

(1.05)

(1.08)

23

832

758

167

91

24

953

864

184

105

1.07

1.00

1.06

ok

1.46

(1.24)

(1.05)

(1.09)

(1.12)

21

653

736

132

63

118

21

750

828

146

76

146

(1.25)

(1.06)

(1.10)

(1.14)

(1.12)

BMI
variable 4

Underweight

Stable
normal
weight

Unstable
normal
weight

Overweight

Obese
(Onset of
obesity
before age
45)

Obese
(Onset of
obesity
during ages
45-59)

Obese
(Onset of
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34

993

&

O

680

206

36

1,149

767

224

1.00

Hok

AA

1.68

(1.19)

(1.05)

(1.08)

23

762

70

758

167

91

24

872

81

864

184

105

1.09

1.00

1.07

kA

1.67

1.48

(1.24)

(1.13)

(1.05)

(1.09)

(1.12)

21

510

143

736

132

63

118

21

588

162

828

146

76

146

Aok

1.99

Aok

1.46

1.33

(1.25)

(1.10)

(1.06)

(1.10)

(1.14)

(1.11)
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Less than 452 (Obs.”=27,048) 45592 (Obs."=27,000) 60 and above® (Obs.’=26,062)

¢\ HR SE p¢ @ HR SE p¢ ¢ HR SE

D

obesity after
age 59)

*
p<0.05
Ak
p<0.01

HokA

p<0.001

a . . . . . .
Model adjusted for gender, educational attainment, smoking behavior, and birth cohorts

bNumber of observations
cNumber of deaths
dNumber of individuals

EThis category does not exist for age group before age 45 because FHS does not ask respondents about previous height and
weight information before exam 1

Appendix 4:

Total Mortality Risk among Individuals that Survived to Age 60 in Relation to Body Mass
Index across Three Age Groups without Controlling for Disease Index, FHS, 1948-2011

Less than 452 (Obs.’=26,062) 45-592 (Obs."=26,062) 60 and above (Obs.’=26,062)

¢ @ HR s p® @ HR s o® @ HR SE
Total 1,723 1,967 1723 1,967 1,723 1,967
BMI
variable 2

32 34 120 (1200 23 24 117 (124) 21 21 191 (1.25)
Underweight
Normal 906 1051  1.00 770 887 1.00 653 750 1.00
weight

605 685  1.14° (1.06) 697 792 106  (1.06) 736 828 094  (1.06)
Overweight
Obese 180 197 16777 (1.09) 233 264 1.637°F (108) 313 368 111 (1.07)
BMI
variable 3

32 34 120 (1200 23 24 117 (124) 21 21 1917 (1.25)
Underweight
Normal 906 1051  1.00 770 887 1.00 653 750 1.00
weight

605 685 1147 (1.06) 697 792 106  (1.06) 736 828 094  (1.06)
Overweight
Obese 180 197 1677 (1.09) 153 170 1697 (1.10) 132 146 1407  (1.10)
(Onset of
obesity
before age
45)
Obese 80 94 153" (113) 63 76 128  (1.14)
(Onset of
obesity
during ages
45-59)
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Less than 452 (Obs.’=26,062)

45592 (Obs."=26,062)

60 and above® (Obs.’=26,062)

DC

Nd HR SE

c d

D N HR

SE p°

Nd

HR

SE

Obese
(Onset of
obesity after
age 59)

118

146

0.85

(1.11)

BMI
variable 4

32
Underweight

Stable 906
normal
weight

Unstable )
normal
weight

605
Overweight

Obese 180
(Onset of
obesity
before age
45)

Obese
(Onset of
obesity
during ages
45-59)

Obese
(Onset of
obesity after
age 59)

34 120 (1.20)

1,051 1.00

685 114  (1.06)

kA

197 167 (1.09)

23 24

707 813

63 74

697 792 1.07

153 170 1.70

80 94

(124) 21

510

(1.14) 143

(1.06) 736

(1.10) 132

(1.13) 63

118

21

588

162

828

146

76

146

HokAh

1.99

1.33

(1.25)

(1.10)

(1.06)

(1.10)

(1.14)

(1.11)

*
p<0.05
*Kk

a

Model adjusted for gender, educational attainment, smoking behavior, and birth cohorts

bNumber of observations

cNumber of deaths

dNumber of individuals

EThis category does not exist for age group before age 45 because FHS does not ask respondents about previous height and
weight information before exam 1

Appendix 5:
Adjusted Hazard Ratios from Weighted Cox Model, NHANES 111 - NHANES 2009-2010,

with Linked Mortality Data 1988-2011.

Non-Hispanic Whites  Non-Hispanic Blacks Hispanics
HR 95% ClI HR 95% ClI HR 95% ClI
Normal weight (reference)
Overweight 0.93 0.60, 1.43 0.67 0.41,1.10 0.86 0.47,1.56

Biodemography Soc Biol. Author manuscript; available in PMC 2021 March 11.
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Non-Hispanic Whites  Non-Hispanic Blacks Hispanics
HR 95% ClI HR 95% ClI HR 95% ClI
Obesity 1.83 1.17,2.85 1.20 0.75,1.92 1.28 0.68,2.40
Overweight*Age 1.01 0.94,1.08 1.04 0.94,1.14 1.04 0.93,1.16
Obesity*Age 0.93 0.86, 1.00 0.96 0.87, 1.05 0.97 0.86, 1.09
Death 3,140 1,352 1,043
Individuals 16,386 7,752 8,762
Observations 31,489 15,802 17,353

Note: The time metric in all the survival models was attained age: that is, the age of death or censoring. To account for left
truncation, the individual-level data were reshaped into a person-year file describing respondents’ cumulative survival time
from their age at the baseline survey until the age at which they died or were censored. In these person-year data, attained
age was categorized into 10-year groups (25-34, 35-44, 45-54, 55-64, 65-74, 75-84, and 85+), and these categories were
coded 1 through 7. This age variable is different from the time-scale variable (i.e., attained age which is a continuous
variable), and is required to assess the interaction between age and obesity (or the age-dependent association between
obesity and mortality). All the models are adjusted for gender, country of birth, marital status, education, income, health
insurance, smoking status, survey year, and birth cohort.
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Distribution of Individuals According to Average Body Mass Index across Three Age Groups, FHS, 1948—

2011

Underweight
Normal weight
Overweight

Class | obesity
Class II/111 obesity

Less than 45 45-59 60 and above
Deaths N % Deaths N % Deaths N %
34 36 1.65 23 24 1.13 21 21 1.07

993 1,149 52.80 832 953 4474 653 750  38.13
680 767  35.25 758 864  40.56 736 828  42.09
176 190 8.73 206 233 10.94 247 296  15.05
30 34 1.56 52 56 2.63 66 72 3.66

Total

1,913 2,176 1,871 2,130 1,723 1,967
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